We are developing exoskeletal robots for human (especially 
Introduction
A decrease in the birthrate and aging are progressing in Japan and several countries. In that society, it is important that physically weak people are able to take care of themselves. We have been developing exoskeletal robots to support motion of the physically weak people such as elderly persons [l] . It is important for eld persons to take care of themselves in everyday life. Recent progress of robotics technology brings a lot of benefits not only in the industries, but also in many other fields such as welfare, medicine, or amusement. In the field of welfare, for example, much research has been carried out for the disabled people who lost their original hnction in order to support their motion [2] [3] , or to make up their lost function [4] -[ 111. The electromyogram (EMG), which contains biological information to understand the patient's muscle activities, can be used as input information for the robotic prosthetic devices. This signal is important to understand how the human subject intends to move.
It is difficult, however, to obtain the same EMG sig- We have proposed a lDOF exoskeltal robot system for human elbow motion support as the first step toward an exoskeletal robot for the whole body motion support [l] . This robot system is mainly supposed to help the motion of physically weak people. The skin surface EMG signals and the generated force by the human subject's wrist during the human elbow motion have been used for input information of the control system in order to control the robot system based on human subject's intention. In this paper, we propose an effective controller in which both the elbow angle and impedance of the exoskeletal robot are controlled in accordance with the vague EMG signals and the generated wrist force signal. In order to make the controller deal with and adapt to these vague signals, fuzzy-neuro control has been applied and teaching system is introduced for this robot system. The effectiveness of the proposed control method has been evaluated by experiment.
Exoskeletal Robot System
We have designed the 1 DOF exoskeltal robot for human elbow motion support [I] . This exoskeltal robot is supposed to be attached directly to the lateral side of human arm as shown in Fig. 1 . This robot consists of two links, a ballscrew drive shaft, a ballscrew support frame, a DC motor, and force sensors (strain gauges). The DC motor drives the ballscrew drive shaft to make the link-2 flex or extend. The link-2 is flexed (or extended) by contracting (or expanding) the prismatic joint along the The force generated by the human subject's wrist during the human elbow motion is measured by the strain gauge based force sensor. In this force sensor, strain gauges are attached on the beams between the wrist holder outer cover, which is connected to the exoskeltal robot, and the wrist holder inner cover, which is connected to the human subject (Fig. 3) . The signal from the force sensor is sampled at a rate of 2kHz and low-pass filtered at 4Hz. The measured force by these force sensors are used to understand the force externally acting on the human subject's forearm.
The skin surface EMG signals of biceps and triceps, which imply the human subject's intention, are another 
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Flexioniextension motion with a 7kg weight in a hand
Hold motion with a 7kg weight in a hand Usually, movable range of human elbow is between ~ 5 and 145 degrees. Considering the safety of the human subject, the elbow motion of the proposed robot is limited between 0 and 120 degrees in this system. The maximum
Human Elbow Motion
Human elbow i s mainly actuated by two antagonist muscles, biceps and triceps. By adjusting the amount of force generated by these muscles, the elbow angle and impedance can be arbitrary controlled [4] . The muscle activity level can be described by the EMG signal. In order to design the control system of the exoskeltal robot, the skin surface EMG signals and the generated force in the human subjects' wrist during the human elbow motion have been analyzed by the pre-experiment. Table l Table 1) is shown in Fig. 5 . One can see that the biceps are activated during the elbow flexion motion from the magnitude of the WL.
Control of the Exoskeletal Robot
Fuzzy-neuro control method is proposed to control both the angle and impedance of the exoskeletal robot based on both the skin surface EMG signals of biceps and triceps and the generated force in the human subjects' wrist. So that the robot can be controlled in accordance with the human subject's intention. The fuzzy IF-THEN control rules of the fuzzy-neuro control are designed based on the analyzed human subject's elbow motion patterns in the pre-experiment. The properties of human elbow impedance studied in another research [ 15] [ 161 are also taken into account. By applying sensor fusion with the skin surface EMG signals and the generated wrist force, error motion caused by little EMG levels and the external force affecting to human arm can be avoided.
The input variables of the fuzzy-neuro control are the WL of biceps ( 2 channels) and triceps (2 channels) and the force measured by the wrist force sensor. Three kinds of fuzzy linguistic variables (ZO: zero, PS: positive small, and PB: positive big) are prepared for the WL of EMG and five kinds of fuzzy linguistic variables (NB: negative big, NS: negative small, ZO: zero, PS: positive small, and PB: positive big) are prepared for the wrist force data. The outputs of the fuzzy-neuro control are the desired joint angle and impedance of the exoskeletal robot. In Fig. 6 The teaching equipment this method, impedance control is performed to follow the generated desired joint angle using the generated desired impedance coefficients. Consequently, both the angle and impedance of the exoskeletal robot are controlled like human beings do. The equation of impedance control is written as:
where r, denotes torque command for the exoskeletal robot joint, Me is the moment of inertia of link 2 and human subject's forearm, BE is the viscous coefficient generated by the fuzzy-neuro controller, K, is the spring coefficient generated by the fuzzy-neuro controller, qd is the desired joint angle generated by the fuzzy-neuro controller, and q is the measured joint angle of the exoskeletal robot. The torque command for the exoskeletal robot joint is then transferred to the torque command for the driving motor. In the fuzzy-neuro controller, 20 kinds of fuzzy IF-THEN rules are prepared to generate the desired joint angle and impedance of the exoskeletal robot.
It is important that the controller adapts itself to physiological condition of each human subject on-line, since the EMG signal is a biologically generated signal. In this study, the antecedent part and some of the consequence part (i.e. fuzzy rules for the desired joint angle generation) of the fuzzy IF-THEN control rules are supposed to be adjusted. The back-propagation learning algorithm has been applied to minimize the squared error function written below.
Fig. 7 Experimental setup
where qd is the angle of the desired motion and q is the measured joint angle of the exoskeletal robot. The desired motion of the exoskeletal robot, which is required for the evaluation function of the back-propagation learning, is demonstrated by the teaching equipment (see Fig.  6 ) attached on the other arm. In the teaching time, the subjects are supposed to generate the same elbow motion in both arms. Consequently, the difference between the right elbow angle and the left elbow angle is the control error of the exoskeletal robot system. In order to avoid the useless adaptation caused from little error, the fuzzy variable: ZERO is applied to express the error of the exoskeletal robot is about zero.
Experiment
In order to evaluate the effectiveness of the proposed control method for the exoskeletal robot system, experiments have been performed with three healthy human male subjects (subject A and B are 23 years old and subject C is 24 years old). Figure 7 shows the experimental setup. The EMG signals are sampled at a rate of 2kHz and then used for calculation of the WL. The wrist force is sampled at a rate of 2kHz and low-pass filtered at 4Hz. In this experiment, the subjects are supposed to carry out flexioniextension elbow motion without any weight at first, grab a heavy weight (7kg) when they extend their elbow at the second time, and then manipulate the weight by hand in order to evaluate the effect of the exoskeletal robot system. during the heavy weight manipulation are supposed to be lower if the proposed exoskeletal robot system supports the human motion properly. Comparing the results in Fig.  9 and 10, one can see that the EMG levels of biceps during the heavy weight manipulation are much lower when the human motion is supported by the exoskeletal robot system. One can also see that the EMG levels during flexion/ extension elbow motion without the weight are almost the same in Fig. 8 and 9 . This means that the exoskeletal robot system does not constraint the elbow motion of the subjects.
These results show that the proposed exoskeletal robot system can effectively support the elbow motion of any subjects using its adaptation ability.
Conclusions
The effective adaptive control method has been proposed for the exoskeletal robot for human elbow motion support. The skin surface EMG signals of biceps and triceps and the generated force by the human subjects' wrist during the human elbow motion have been used for input information of the controller of the robot as the signals implying the human subject's intention. In order to control both the angle and impedance of the exoskeletal robot according to the vague biological signals, a fuzzyneuro control method has been proposed. The experimental results showed the effectiveness of the proposed control method. The proposed exoskeletal robot is also applicable to rehabilitation of elbow motion. We would like to continue this study toward the realization of a full motion support exoskeletal robot.
